Extracellular signal-regulated kinase 1 (ERK1) and ERK2 signaling in the spinal cord dorsal horn (SCDH) has been implicated in injuryinduced pain hypersensitivity. Available ERK pathway inhibitors cannot distinguish between ERK1 and ERK2, nor can they differentially target the expression of neuronal or glial ERK1/2. We selectively inhibited the expression of ERK2 in neurons of the adult mouse SCDH by use of an ERK2 small interfering RNA (siRNA) delivered by a neurotropic adenoassociated viral vector. In situ hybridization revealed a siRNA vector-induced decrease in ERK2 mRNA in the ipsilateral SCDH. Immunohistochemistry showed a decreased neuronal phospho-ERK1/2 (pERK1/2), and Western blot analysis revealed that both ERK2 expression and phosphorylation were reduced by the siRNA vector. In contrast, basal ERK1 expression was not affected, although pERK1 was slightly increased. The siRNA vector-induced knockdown of ERK2 expression in the SCDH did not alter the baseline mechanical or thermal paw withdrawal thresholds. Hindpaw intraplantar injection of complete Freund's adjuvant (CFA) produced peripheral inflammation, mechanical allodynia, and thermal hyperalgesia in vector control animals that persisted for at least 96 h. It also caused an increase in SCDH ERK1 and ERK2 levels at 96 h and pERK1 and pERK2 levels at 1 and 96 h. The ERK2 siRNA vector prevented changes in ERK1, ERK2, and pERK2. In addition, the siRNA vector protected the animals from developing mechanical allodynia and thermal hyperalgesia throughout the 96 h after CFA. These findings indicate that ERK2 in the SCDH neurons is critical for the development of inflammatory pain hypersensitivity.
Introduction
Extracellular signal-regulated kinase 1 (ERK1) and ERK2 (Boulton et al., 1991) , also referred to as p44 and p42 MAPK (mitogenactivated protein kinase), belong to a group of evolutionarily conserved serine/threonine protein kinases that play critical roles in cell proliferation, differentiation, and survival. They are activated by dual phosphorylation on their regulatory tyrosine and threonine residues by an upstream kinase, mitogen-activated protein kinase kinase (MEK). In the CNS, ERK1 and ERK2 have been linked to signal transduction cascades that regulate neuronal activity and plasticity. For example, ERK1/2 has been implicated in the enhanced excitability of spinal cord dorsal horn (SCDH) neurons in models of inflammatory pain (Ji et al., 1999 (Ji et al., , 2002 Galan et al., 2002; Dai et al., 2004; Cruz et al., 2005) . These reports find that the injection of various proinflammatory substances into the hindpaw of rodents induces increases in ERK1/2 phosphorylation in the lumbar SCDH, which parallels the development of pain hypersensitivity. Prolonged ERK1/2 phosphorylation is also seen in neuropathic pain models (Zhuang et al., 2005; Tseng et al., 2007; Zhao et al., 2007) . Intrathecal administration of U0126 [1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylmercapto)butadiene] or PD98059 [2-(2-amino-3-methoxyphenyl-4 H-1-benzopyran-4-one] , both inhibitors of MEK, attenuates pain hypersensitivity after peripheral tissue inflammation or nerve damage (Ji et al., 1999 (Ji et al., , 2002 Cruz et al., 2005; Karim et al., 2006; Zhao et al., 2007) .
The high structural resemblance between ERK1 and ERK2 has limited studies of their individual contribution to inflammatory pain. ERK1 and ERK2 have similar sensitivities to activation by MEK (Zheng and Guan, 1993) and are often functionally redundant in vitro (Robbins et al., 1993) . However, studies in knockout mice indicate that ERK1 and ERK2 can play different roles in vivo. ERK1 knock-out mice are viable, fertile, and of normal size (Pagès et al., 1999) , whereas ERK2 knock-out mice die before embryonic day 8.5 because of defects in trophoblast and placental development and in mesoderm differentiation (Hatano et al., 2003; Saba-El-Leil et al., 2003; Yao et al., 2003) . These studies suggest that ERK1 is dispensable as long as ERK2 can compensate for its loss but not vice versa. Other studies indicate that ERK1 and ERK2 respond differently to growth factors and may regulate cell proliferation differently (Zeng et al., 2005; Li and Johnson, 2006; Frémin et al., 2007) . Furthermore, ERK2 but not ERK1 is critical in the modulation of hippocampal long-term potentiation (English and Sweatt, 1996) .
Mice expressing a neuron-specific dominant-negative MEK have impaired inflammatory pain and thermal hyperalgesia (Karim et al., 2006) , suggesting that neuronal ERK1/2 plays a critical role in injury-induced pain. However, the contributions of ERK1 and ERK2 could not be separated. In this study, we used small interfering RNAs (siRNAs) to selectively knock down the expression of ERK2 in SCDH neurons. The siRNA is delivered by a neurotropic recombinant adenoassociated virus (rAAV), limiting the knockdown of ERK2 to neurons, which allowed us to examine the specific role of neuronal SCDH ERK2 in the development of injury-induced pain hypersensitivity in vivo.
Materials and Methods
Experimental animals and drugs. Adult male C57BL/6 mice (The Jackson Laboratory) weighing 20 -30 g were used for this study. Experiments were performed in accordance with National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. The experimental protocol (no. 0508-392A) was approved by the Institutional Animal Care and Use Committee at Weill Cornell Medical College. Animals were housed under 12 h light/dark cycles in a pathogen-free room with ad libitum access to water and food.
Design and screening of siRNAs and viral vector production. The approaches used to design and screen for siRNAs targeting the expression of a single gene were described previously (Garraway et al., 2007) . Candidate siRNAs were selected by the siRNA selection program (http://jura. wi.mit.edu/siRNAext/) from the Whitehead Institute for Biomedical Research (Massachusetts Institute of Technology) (Yuan et al., 2004) . The sense and antisense sequence of the siRNA were joined by a spacer (TTCAAGAGA) (Brummelkamp et al., 2002) to create a "stem-loop" sequence. Synthetic DNA oligomers with the corresponding sequences were ordered (Sigma-Genosys), cloned into a serotype-2 rAAV plasmid, and subjected to the psiCHECK Dual Luciferase Reporter Assay (Promega). Three plasmids expressing the most active siRNAs identified in the psiCHECK assay and one plasmid expressing a mismatch control siRNA were packaged into serotype-2 rAAV vectors (Musatov et al., 2002) and used in the in vivo studies.
The three active sequences (sense strand) identified by the psiCHECK assay were ERK2-5, 5Ј-GGAACAGGTTGTTCCCAAA; ERK2-7, 5Ј-GGAGCAGTATTATGACCCA; and ERK2-8, 5Ј-GACTGCTAGATT-CCAGCCA, targeting regions spanning 1063-1081, 1178 -1196, and 1289 -1307 on the mouse ERK2 cDNA (GenBank accession number NM_011949), respectively. The ERK2-7 sequence was reversed to produce the mismatch (MM) sequence 5Ј-ACCCAGTATTATGACGAGG, which served as a control.
In vivo delivery of the rAAV vectors. The viral vectors, ERK2-5, 2-7, 2-8, and MM were microinjected into the SCDH as described by South et al. (2003) . The mice were anesthetized with ketamine/xylazine. A laminectomy was performed to remove part of the dorsal L2 and L3 spinous process, and the lumbar area of spinal cord was exposed for intraparenchymal injection (IPI). Three unilateral injections of 1 l (1-3 ϫ 10 9 viral particles/l) were administered 0.5-0.7 mm apart, at a depth of 0.3 mm from the dorsal border and 0.5 mm from the midline, on the right side using a glass pipette with a 40-m-diameter tip attached to a 5 l Hamilton syringe. The syringe was mounted on a microinjector (David Kopf Instruments) attached to a stereotaxic unit (David Kopf Instruments). After the injection, the overlying muscles were closed with 5-0 chromic gut and the skins were closed with wound clips. Animals were allowed to recover for 3 weeks before undergoing behavioral tests or killed for histological and Western blot analysis.
Immunohistochemistry. Mice were anesthetized with pentobarbital and then perfused transcardially with 4% paraformaldehyde (PFA) in PBS with 1 mM NaF. Fifty milliliters of fixative was perfused over 5 min by using a peristaltic pump. The spinal cord was dissected and placed in 4% PFA for 1 h before being transferred to 30% sucrose for cryoprotection for 72 h. Lumbar spinal cord cryosections of 20 m thick were obtained from a cryostat (Leica) for immunohistochemistry (IHC) and in situ hybridization.
For IHC, the spinal cord sections were incubated in blocking solution [3% normal goat serum, 0.1% Triton X-100 in Tris-buffered saline (TBS)] for 30 min. After washing in TBS, sections were incubated with one or two of the following primary antibodies: rabbit anti-green fluorescent protein (GFP) (1:1000; Invitrogen), rabbit anti-phospho-ERK1/2 (1:1000; Cell Signaling Technology), mouse anti-NeuN (1:400; Millipore), rabbit anti-c-fos (1:2000; Santa Cruz Biotechnology), rabbit anti-dynorphin A (1:2000; Bachem), mouse anti-GFAP (1:2000; Millipore), and rat anti-OX42 (1:1000; BD Biosciences) overnight in blocking solution at 4°C. The sections were washed in TBS and then incubated in appropriate fluorescent secondary antibodies or biotinylated goat anti-rabbit or anti-mouse IgG (1:250; Vector Laboratories) in blocking solution. Biotin slides were further incubated with 3,3-diaminobenzidinetetra-hydrochloride (DAB). Fluorescent slides were mounted in the anti-fading mounting medium GelMount (Invitrogen). DAB slides were dehydrated through a series of ethanol and xylenes, and then coverslipped in Permount (Thermo Fisher Scientific). To minimize variability in staining, tissues from all treatment groups were run in the same session. A negative control was performed using diluted normal goat serum instead of the primary antibody.
Nonradioactive in situ hybridization. ERK2 mRNA expression in the SCDH was detected by nonradioactive in situ hybridization as described by Garraway et al. (2007) . Digoxigenin (DIG)-labeled antisense or sense riboprobes were synthesized using an in vitro transcription kit (Roche Applied Science) from the mouse ERK2 cDNA (kindly provided by Dr. Michael J. Weber, University of Virginia, Charlottesville, VA). The sense riboprobe served as a background control. On day 1, slide mounted cryosections of spinal cord (20 m) were incubated in the following: (1) 4% PFA in PBS for 20 min; (2) PBS, three times for 5 min each; (3) proteinase K solution (Sigma-Aldrich) for 2 min; (4) PBS, twice for 5 min each; (5) 4% PFA in PBS for 5 min; (6) PBS for 5 min; (7) 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min; (8) 2ϫ SSC, twice for 5 min each. Next, sections were incubated in prehybridization solution (50% formamide, 0.3 M NaCl, 10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0, 500 g/ml salmon sperm DNA, and 500 g/ml yeast tRNA) at 55°C in a chamber containing towels moistened with 4ϫ SSC and 50% formamide. After incubation for 2 h, the prehybridization solution was drained and sections were hybridized with DIG-labeled antisense or sense probes for ERK2 (1:1000), coverslipped, and placed in a 55°C oven overnight. On day 2, the coverslips were removed and the hybridized spinal cord sections were sequentially incubated in the following: (1) 5ϫ SSC at 55°C for 10 min; (2) 50% formamide in 2ϫ SSC at 55°C for 20 min; (3) RNase buffer at 37°C, twice for 5 min each; (4) RNase A (50 g/ml; Sigma-Aldrich) at 37°C for 30 min; (5) RNase buffer at 37°C for 15 min; (6) 50% formamide, 2ϫ SSC at 55°C for 20 min; (7) 2ϫ SSC, twice for 15 min each; (8) washing buffer for 10 min; (9) blocking solution for 30 min; (10) anti-DIG antisera conjugated to alkaline phosphatase (1:500) for 2 h; (11) washing buffer, twice for 15 min each; (12) detection buffer for 5 min; (13) NBT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate) overnight. On day 3, slides were rinsed in distilled water and dehydrated through a graded ethanol series, xylenes, and coverslipped in Permount (Thermo Fisher Scientific).
Microscopic analysis. Fluorescent IHC images were captured by a Zeiss LSM 510 laser-scanning confocal microscope. Bright-field IHC and in situ images were captured by a Nikon Eclipse 80i microscope (Nikon) equipped with a digital CoolSnap camera (Photometrics) through an interface between the camera and a Macintosh computer using the IPlab software (BD Biosciences Bioimaging). Quantitative analysis was performed by a blinded observer using MetaMorph software (Universal Imaging) as described previously (Garraway et al., 2007) . A total of four to five sections spacing 400 -500 m apart were used for each animal. At least three animals were included in each treatment group.
Immunoblot. Animals were deeply anesthetized by isoflurane and decapitated, and the lumbar SCDHs at the level of L4 -L6 were rapidly dissected. The right and left dorsal horn were separated and immediately homogenized in modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 1 mM EDTA, 150 mM NaCl) supplemented with protease inhib-itor mixture (Sigma-Aldrich) diluted 1:10, 2 mM PMSF, 2 mM NaF, and phosphatase inhibitor mixture I and II (Sigma-Aldrich), and then frozen in liquid nitrogen. After all the samples were collected, tissues were thawed on ice, sonicated, and centrifuged at 4°C at 14,000 ϫ g for 10 min to obtain the supernatant. The protein level of each sample was measured by the Bio-Rad DC assay. Samples were then diluted in Laemmli sample buffer on the same day to a final concentration of 2 g/l, boiled for 5 min, and stored at Ϫ80°C.
The SCDH samples were separated by SDS-PAGE gels (10% Tris-HCl gel; Bio-Rad) and transferred to polyvinylidene difluoride filters (Millipore), which were subsequently blocked in blocking solution (5% dry milk in TBS with 0.1% Tween 20) for at least an hour. Membranes were incubated with rabbit anti-phospho-ERK1/2 (pERK1/2) antibody (1:1000; 07-362; Cell Signaling Technology) in blocking solution overnight at 4°C, washed in TBS with 0.1% Tween 20 (TBST), and then incubated with HRP-conjugated anti-rabbit IgG (1:1000; Pierce Biotechnology) in blocking solution for 1 h. Membranes were washed with TBST followed by TBS and developed using SuperSignal West Pico ECL kit (Pierce Biotechnology), and then exposed to film (Kodak) for various times. Next, membranes were stripped (Pierce) and reprobed for ERK1/2 using rabbit anti-ERK1/2 antibody (1:5000; Cell Signaling Technology) followed by HRP-conjugated anti-rabbit secondary antibody (1:10,000; Pierce Biotechnology). For loading control, blots were further stripped and reprobed for ␤-actin using a mouse monoclonal antibody (1:50,000; SigmaAldrich) followed by HRP-conjugated antimouse secondary antibody (1:200,000; Pierce Biotechnology). Exposures yielding signal intensity in the linear range without saturation were used for densitometry analysis with Fluorchem 9900 (Alpha Innotech). Ratios of intensity of pERK1/2 or ERK1/2 to ␤-actin were calculated, normalized to the control samples, and subjected to statistical analysis. At least four animals were included in each treatment group.
Behavioral testing. All behavioral testing was conducted in groups of 10 mice per treatment by a blinded observer. Motor function tests were performed before mechanical stimulus threshold or thermal paw withdrawal threshold were measured (Garraway et al., 2007) . No deficits in reflexes for surface righting, placing/ stepping, and grasping/climbing were found in animals treated with either the control rAAV vector or rAAV viral vectors.
Mechanical stimulus threshold to a nonnoxious mechanical stimulus was determined by paw withdrawal to the application of a series of calibrated von Frey filaments to the surface of the hindpaws. The animals were placed in a Plexiglas cage with mesh flooring suspended above the researcher and left to acclimate for 30 min. von Frey filaments were applied perpendicularly against the midplantar surface of the foot. The "up-down" method of Dixon (Chaplan et al., 1994) was used to determine the value at which paw withdrawal occurred 50% of the time, interpreted as the mechanical threshold.
Thermal paw withdrawal threshold was assessed using a thermal nociceptive stimulus apparatus (Hargreaves et al., 1988) . Before the test, the animals were allowed to acclimate for 30 min to the test chamber on a preheated glass plate maintained at 30°C. A radiant thermal stimulus (5.10 amp) was applied to the midplantar surface of the hindpaw through the glass plate. The latency, in seconds, for the withdrawal of the paw from the heat source was determined automatically. If no response was elicited, the heat source was automatically shut off at 20 s to prevent tissue injury. A minimum break of 5 min was allowed between each trial. Three to six trials were performed for each paw.
Fifteen microliters of complete Freund's adjuvant (CFA) (SigmaAldrich) was injected into the right hindpaws of lightly restrained mice. The mice had received either the control vector MM or siRNA vector 2-7 in the right SCDH at least 3 weeks before the intraplantar injection of CFA. Mechanical stimulus threshold, thermal paw withdrawal threshold, and paw size were measured before (baseline) and at 24, 48, and 96 h after CFA.
Statistical analysis. The immunohistochemical, in situ hybridization, Western blot, and behavioral data were analyzed by one-way ANOVA followed by the Student-Newman-Keuls test (multiple groups) or the t Figure 1 . Expression of GFP and the knockdown of ERK2 mRNA in the mouse SCDH at 3 weeks after the IPI of a rAAV vector expressing an ERK2 siRNA. The expression of GFP in the ipsilateral SCDH after administration of a rAAV vector expressing a control siRNA (MM) (A) or an active ERK2 siRNA, 2-5 (B), 2-7 (C), or 2-8 (D). E-H, In situ hybridization revealed no change in ERK2 mRNA level in the ipsilateral SCDH compared with the contralateral side in animals treated with vector MM (E). In contrast, each of the three active siRNA vectors induces a significant decrease in ERK2 mRNA in the ipsilateral SCDH (F-H ). Scale bar, 500 m. I, ERK2 mRNA expression was estimated from in situ images. The ratio of the integrated optical density of in situ labeling in the ipsilateral SCDH to that in the contralateral SCDH was calculated. Data are mean Ϯ SEM (n ϭ 3). Compared with the control vector MM, vector 2-5, 2-7, and 2-8 induced a significant decrease (*p Ͻ 0.05) in the ERK2 mRNA expression in the ipsilateral SCDH. There was no difference in the ratio among the three active siRNA vectors. test (two groups) using the InStat software (GraphPad; version 3.00). The data are represented as mean Ϯ SEM.
Results

Knockdown of ERK2 expression in the lumbar SCDH neurons by rAAV vectors expressing active siRNAs
Three serotype-2 rAAV vectors (vectors 2-5, 2-7, and 2-8) expressing ERK2 siRNAs and one control vector expressing a mismatch siRNA (vector MM) were used in the current study. The psiCHECK Dual Luciferase Assay was performed before the virus preparation and injection to examine the ability of vectors to inhibit ERK2 expression in cultured cells. Compared with a control rAAV plasmid not expressing a siRNA, all three active siRNA vector plasmids significantly inhibited the activity of Renilla luciferase, which was translated from a fusion mRNA containing the ERK2 and luciferase cDNA sequences. The control MM vector was ineffective in this assay (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
The rAAV vectors were injected intraparenchymally into the SCDH of adult mice. Three weeks after IPI of the rAAV vectors, a robust and spatially localized expression of GFP was observed on the ipsilateral side of lumbar SCDH (Fig. 1 A-D) . The expression of GFP resulting from each of the four rAAV vectors extended for Ͼ3 mm rostrocaudally, encompassing the full L4, L5, and L6 spinal segments in mouse. In situ hybridization was performed on slides adjacent to the GFP slides to examine the mRNA expression of ERK2. On the side contralateral to the vector injection, ERK2 mRNA was observed in the gray matter. Vector MM did not alter the ERK2 mRNA level (Fig. 1 E) in the ipsilateral dorsal horn. In contrast, there was a nearly complete depletion of ERK2 mRNA in the region corresponding to the GFP immunolabeling in animals treated with vector 2-5, 2-7, or 2-8 ( Fig. 1 F-H ) . A densitometry analysis of the in situ images showed that the extent of ERK2 mRNA knockdown was similar among the three active siRNA vectors, ranging from 75 to 80% reduction on the ipsilateral side compared with the contralateral side ( Fig. 1 I) ( p Ͻ 0.05 vs vector MM).
To determine whether vector administration resulted in glial activation, we compared sections of SCDH from mice that were untreated or had received either the vector MM or the active siRNA, vector 2-7 at 3 weeks before the analysis. One example of the immunolabeling is shown in supplemental Figure 2 (available at www.jneurosci.org as supplemental material). Compared with sections from untreated mice, there was no evidence of hypertrophy, thickened processes, or enlarged cell bodies in GFAP-labeled astrocytes (Guo et al., 2007) or the shortened, thickened processes seen with activated microglia labeled with OX42 (Raghavendra et al., 2004 ). Examination at a higher magnification than presented in supplemental Figure 2 (available at www.jneurosci. org as supplemental material) supported these observations (data not shown). There was no evidence of neuronal cell loss, a finding consistent with a previous observation that vectorderived siRNAs did not result in loss of nuclei in SCDH (Garraway et al., 2007) .
GFP immunolabeling is colocalized with NeuN, a neuronal marker, but not GFAP, an astroglial marker, or OX42, a microglial marker, as revealed by confocal fluorescent IHC in animals that received vector MM (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material) or vector 2-7 (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material).
Because of the high sequence similarity between the ERK1 and ERK2 proteins and the lack of a specific ERK2 antiserum, IHC is unable to distinguish ERK1 and ERK2 expression. Therefore, Western blot was used to quantify the knockdown of ERK2 expression. Compared with the control vector MM, vector 2-7 induced a Ͼ50% reduction in the expression of ERK2 in the ipsilateral SCDH (Fig. 2 A, B) ( p Ͻ 0.05), whereas the expression of ERK1 was not affected (Fig. 2 A, C) . This knockdown was not present on the contralateral side (Fig. 2 A, B ). As expected, the level of pERK2, the active form of ERK2, was also decreased on the ipsilateral side in animals treated with vector 2-7 compared with vector MM (Fig. 2 D, E) ( p Ͻ 0.05). Interestingly, there was an accompanying increase in pERK1 in blots from these animals (Fig. 2 D, F ) ( p Ͻ 0.05), suggesting a loss of competition between ERK1 and ERK2 for their binding and activation by MEK. Vector MM did not have any effect on the expression or phosphorylation of ERK1 and ERK2 compared with animals that did not receive IPI of a vector (supplemental Fig. 4 A-E, available at www. jneurosci.org as supplemental material).
We examined the cellular localization of pERK1/2 on spinal sections using an antibody that recognizes both pERK1 and pERK2. In animals that received the control vector MM, pERK1/2 was observed in the lumbar SCDH, mainly in laminas I and II (Fig. 3A) . Confocal double fluorescent IHC revealed that pERK1/2 immunolabeling was colocalized with NeuN ( Fig.   3A-C) but not with GFAP or OX42 (data not shown). In animals treated with vector 2-7, the pERK1/2 immunolabeling was dramatically decreased in the ipsilateral dorsal horn (Fig. 3D-F ) , suggesting that pERK1/2 immunolabeling is mainly composed of pERK2. As stated previously, we noticed an increase in pERK1 accompanying ERK2 knockdown. However, the increase in phosphorylation of ERK1 was apparently not sufficient to overcome the knockdown of ERK2 expression and phosphorylation in these SCDH neurons.
Knockdown of ERK2 expression prevented ERK activation in the SCDH after intraplantar CFA administration
It has been established that the injection of CFA into the hindpaw of mouse induces a rapid increase in the phosphorylation of ERK1 and ERK2 in the ipsilateral lumbar SCDH, which is then maintained for at least 7 d (Ji et al., 2002; Adwanikar et al., 2004) . This induction is associated with the development of hyperalgesia and allodynia in the injected paw. ERK1/2 may regulate their targets by either posttranslational or transcriptional mechanisms, presumably at different stages of the injuryinduced pain. Therefore, we examined ERK1/2 phosphorylation in the lumbar SCDH at both 1 and 96 h after CFA.
As shown in Figure 4 A, Western blot analysis showed a significant reduction in ERK2 in the ipsilateral SCDH after vector 2-7 compared with the control MM vector. The reduction was observed at 1 h and maintained at 96 h after CFA ( p Ͻ 0.05 vs vector MM). In the control animals, ERK2 was increased at 96 h after CFA in the ipsilateral SCDH compared with no treatment (NT) or 1 h (Fig. 4 A, B) ( p Ͻ 0.05). There was also an increase in ERK1 expression at 96 h in the control animals compared with NT and 1 h (Fig. 4 A, C) ( p Ͻ 0.05). Vector 2-7 did not alter ERK1 expression and prevented the ERK1 increase induced by CFA (Fig. 4 A, C) . In control mice (no vector treatment), CFA induced an increase in pERK2 at 1 h that persisted at 24 and 96 h after CFA (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). Subsequent figures present data on the 1 and 96 h post-CFA time points. There was a decrease in basal pERK2 after vector 2-7 and this reduction persisted at 1 and 96 h after CFA (Fig. 4 D, E) ( p Ͻ 0.05 vs vector MM). In contrast, pERK2 was increased at 1 and 96 h after CFA in the control animals treated with vector MM (Fig. 4 D, E) ( p Ͻ 0.05 vs vector MM/ NT). Basal pERK1 was increased as a result of IPI of vector 2-7. This increase was not altered by CFA at either 1 or 96 h. In contrast, pERK1 was increased by CFA in the vector MM group at 1 and 96 h (Fig. 4 D, F ) ( p Ͻ 0.05 vs vector MM/NT). These results clearly demonstrated that the increases in ERK2, ERK1, and pERK2 after CFA were prevented by vector 2-7, although vector 2-7 induced an increase in basal pERK1 level.
Next, DAB IHC was performed to quantify and localize pERK1/2 changes in the SCDH after CFA. In the control vector MM group, immunolabeling of pERK1/2 was observed mainly in laminas I and II in the ipsilateral SCDH. Intraplantar CFA injec- tion induced a significant increase in the pERK1/2 labeling at 1 and 96 h, measured as the number of pERK of labeled neurons in laminas I and II or percentage of field (Fig. 5A-C ,G,H ) ( p Ͻ 0.05 vs vector MM/ NT). The level of pERK1/2 immunolabeling in the vector 2-7 group was significantly lower than the control group at each corresponding time point (Fig. 5D-G,H ) ( p Ͻ 0.05 vs vector MM).
Effects of the knockdown of neuronal ERK2 in the SCDH on motor reflexes, acute thermal and mechanical thresholds To investigate the functional consequences of the ERK2 knockdown, we first examined the motor reflexes, hindpaw thermal withdrawal latency, and mechanical withdrawal threshold in animals before and after IPI of each viral vector. We found that none of the animals that received either vector MM or vector 2-7 exhibited any signs of motor deficits (data not shown). No change was observed in heat withdrawal latency or mechanical withdrawal threshold, when tested at least 3 weeks after the vector administration (Fig. 6 A, B) , indicating that neither the IPI procedure nor knockdown of neuronal ERK2 in the SCDH affected acute pain thresholds.
Knockdown of ERK2 in the SCDH prevented CFA-induced pain
After intraplantar CFA administration, there was an equal increase in paw size in animals treated with either the control vector MM or the siRNA vector 2-7 (Fig.  7A) ( p Ͻ 0.05 vs baseline; n ϭ 10 per treatment group), indicating a similar degree of peripheral inflammation. However, only the vector control animals exhibited significant decreases in the thermal withdrawal latency (thermal hyperalgesia) (Fig. 7B) ( p Ͻ 0.05) and mechanical withdrawal threshold (mechanical allodynia) (Fig. 7C) ( p Ͻ 0.05) at 24, 48, and 96 h after CFA. The ERK2 knockdown in the SCDH protected the animals from developing thermal hyperalgesia and mechanical allodynia for up to 96 h after CFA (Fig. 7B,C) .
The expression of c-fos and dynorphin A after CFA
To investigate how ERK2 knockdown may prevent CFA-induced inflammatory pain, we examined the expression of c-fos (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material) and dynorphin A (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material), two genes that could be regulated by ERK via a cAMP response element (CRE)-mediated mechanism and lead to long-lasting synaptic modifications in pain (Ji et al., 2002; Obata et al., 2003) . We found there was a very low level of c-fos immunolabeling before CFA. At 1 h, the expression of c-fos was strongly induced in the ipsilateral SCDH. This induction was equal in both groups of animals and diminished at 96 h. Dynorphin A immunolabeling was not different in animals that received vector 2-7 compared with the control animals. In addition, we did not observe any changes in the level of dynorphin A at either 1 or 96 h after CFA. These results suggest that the expression of c-fos or dynorphin A is unlikely to be regulated by neuronal ERK2 at either 1 or 96 h after CFA.
Discussion
We report the first spatial-temporal knockdown of ERK2 gene expression mediated by a siRNA in the SCDH of adult mice. The Figure 4 . Vector 2-7 but not vector MM reduces ERK2 expression in the ipsilateral SCDH and prevents the phosphorylation of ERK2 induced by intraplantar CFA. A, B, Western blot analysis shows a significant reduction in ERK2 in the ipsilateral SCDH after vector 2-7 compared with the control, vector MM in the absence of intraplantar treatment (NT) (*p Ͻ 0.05 vs vector MM/NT). This reduction in ERK2 persists at 1 and 96 h after CFA (*p Ͻ 0.05 vs vector MM). At 96 h after CFA, ERK2 is increased in the ipsilateral SCDH of the vector MM group NT or 1 h after CFA ( # p Ͻ 0.05). A, C, ERK1 expression is also increased at 96 h after CFA ( # p Ͻ 0.05), and this increase is prevented by vector 2-7 treatment. D, E, pERK2 is decreased after vector 2-7 and the reduction persists at 1 and 96 h after CFA (*p Ͻ 0.05 vs vector MM). For the vector MM, pERK2 was increased at 1 and 96 h after CFA compared with the NT control ( # p Ͻ 0.05). D, F, pERK1 was increased after vector 2-7 (*p Ͻ 0.05 vs vector MM/NT). This increase in pERK1 was not altered after CFA in the vector 2-7 group. In contrast, pERK1 was increased at 1 and 96 h in the vector MM group ( # p Ͻ 0.05 vs vector MM/NT). The data are the averages from four separate gel determinations. Error bars indicate SEM.
ERK2 siRNAs delivered by a neurotropic rAAV vector produced a localized reduction in the basal level of both ERK2 and its phosphorylated form (pERK2) in SCDH neurons. The increase in both ERK2 and pERK2 induced by intraplantar CFA in the SCDH of control mice was prevented by the ERK2 siRNA. In addition, the ERK2 siRNA vector protected the mice from CFA-induced thermal hyperalgesia and mechanical allodynia for at least 96 h.
The rAAV vector-based siRNA approach presents a potent and facile tool to produce a spatial and temporal knockdown of the expression of a gene of interest (Garraway et al., 2007) . Several factors dictated the choice of a rAAV vector for the delivery of the ERK2 siRNA. First, the serotype-2 rAAV vector used in the current study selectively transduces neurons in vivo (Kaspar et al., 2002) . Second, rAAV is able to mediate long-term siRNA expression and gene knockdown in the transduced cells. Although we only examined the GFP and ERK expression for 6 weeks, our previous study demonstrated that a single administration of a rAAV vector resulted in the knockdown of NR1 gene expression that persisted for at least 6 months (Garraway et al., 2007) . Third, rAAV is safe and therefore convenient to use in behavioral experiments requiring repeated measurements. Fourth, rAAVmediated gene knockdown could be controlled both temporally and spatially. This conditional approach avoids embryonic lethality associated with a constitutive knock-out of ERK2 (Hatano et al., 2003; Saba-El-Leil et al., 2003; Yao et al., 2003) .
Consistent with the observations in this study, several reports (Kaspar et al., 2002; South et al., 2003; Garraway et al., 2007) have provided evidence at the ultrastructural and light microscope levels as well as direct behavioral threshold evidence that the injection of AAV into the brain or SCDH does not result in significant immune or glial activation or behavioral sensitization. It has been reported that a high dose of a siRNA might induce nonspecific and off-target effects (Bridge et al., 2003; Sledz et al., 2003) . Our previous study indicated that neither an NR1 siRNA nor a control siRNA delivered by the rAAV vector induced detectable cellular toxicity (Garraway et al., 2007) . Transduced neurons exhibited unaltered expression of NeuN compared with the contralateral side. We also did not see any signs of gliosis or neuronal damage (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The three vectors expressing different siRNAs induced a similar degree of GFP expression and knockdown of the ERK2 mRNA in the SCDH, suggesting the knockdown is unlikely to be induced by nonspecific or off-target effects. The knockdown clearly targets the ERK2 mRNA and protein as revealed by in situ hybridization and Western blot. The closely related ERK1 was unaffected at the protein level. . Vector 2-7 prevents the increased phosphorylation of ERK1/2 that is induced in the ipsilateral SCDH by intraplantar CFA. A, The basal level expression of pERK1/2 can be seen mainly in lamina I-II neurons in the control mice after vector MM and in the absence of intraplantar CFA treatment (NT). B, C, pERK1/2 immunolabeling was increased at 1 h (B) and 96 h (C) after CFA. D-F, pERK1/2 immunolabeling in the SCDH of mice treated with vector 2-7 is reduced compared with MM control, before (NT) and after CFA. G, H, Quantification of pERK1/2 as labeled neuron density (G) or percentage of field (H ) in laminas I-II revealed a significant increase at 1 and 96 h after CFA in the MM control mice ( # p Ͻ 0.05 vs vector MM/NT). vector 2-7 reduced pERK1/2 immunolabeling at each corresponding time point compared with vector MM (G, H ) (*p Ͻ 0.05 vs vector MM). CFA induced an increase in pERK1/2 labeling as measured by neuron density or percentage of field at 1 and 96 h in the vector MM group (G, H ) ( # p Ͻ 0.05). For the vector 2-7 group, CFA produced increases in labeling although less than the corresponding increases in the vector MM group. Scale bar, 500 m. Error bars indicate SEM.
The ERK2 knockdown was accompanied by an increase in ERK1 phosphorylation. This has been observed in cultured hepatocytes and led to the suggestion that ERK1 and ERK2 may compete for activation by MEK (Frémin et al., 2007) , so that a siRNA-mediated knockdown of ERK2 favors the increased phosphorylation of ERK1.
ERK1 and ERK2 are highly homologous in their exon-intron coding sequences (Hanks and Hunter, 1995) . However, the 5Ј-flanking regions of the two genes have no apparent homology (Pagès et al., 1995; Sugiura et al., 1997) . This divergence in the 5Ј-regulatory sequence is likely to enable distinct patterns of gene expression and the possibility of different roles for each ERK protein. Although the reason for the preferential phosphorylation of ERK2 in SCDH neurons is not known, our data clearly show that the ERK2 siRNA vector 2-7 greatly reduced basal and induced pERK immunolabeling in the SCDH (Fig. 3 A, D) and that this pERK species was pERK2 as measured by Western blot (Fig. 2 D) .
In the absence of injury, baseline behavioral responses are comparable in the knockdown and the control animals. Thus, ERK2 does not appear to mediate these baseline responses; rather they may be mediated by AMPA receptors (South et al., 2003) .
Transgenic mice expressing neuron-specific dominantnegative MEK exhibited a decrease in the induction of formalininduced phase II spontaneous pain behavior and thermal hyper- Figure 6 . A spatial knockdown of ERK2 in the SCDH by vector 2-7 does not affect thermal (A) or mechanical (B) paw withdrawal thresholds. A brief thermal stimulus was applied to the paw (A), or mechanical (tactile) stimuli were applied using von Frey hairs (B). These thresholds were measured before and 3 weeks after the ipsilateral IPI vector administration into the right SCDH of either the control vector (MM) or the siRNA vector 2-7 (n ϭ 10 per treatment group). Error bars indicate SEM. Figure 7 . A spatial knockdown of ERK2 in the SCDH by vector 2-7 significantly reduces thermal hyperalgesia (B) and mechanical allodynia (C) resulting from the intraplantar injection of the inflammatory agent, CFA. A, The CFA resulted in equivalent inflammation as measured by paw size at 24, 48, and 96 h (*p Ͻ 0.05 vs baseline; n ϭ 10 per treatment group). The control vector MM group showed thermal hyperalgesia as measured as a reduction in the paw withdrawal threshold using a thermal stimulus (B) and mechanical allodynia as measured as a reduction in the mechanical threshold (50% G threshold) using von Frey hairs (C) applied to the paw at 24, 48, and 96 h after intraplantar CFA compared with the baseline (*p Ͻ 0.05 vs baseline). The mice that received vector 2-7 were protected from CFA-induced thermal hyperalgesia (B) and mechanical allodynia (C) (n ϭ 10 per treatment group). Error bars indicate SEM.
algesia (Karim et al., 2006) . In our study, the ERK2 knockdown completely blocked CFA-induced thermal hyperalgesia and mechanical allodynia. Additional experiments examining inflammatory pain behaviors earlier than 24 h after CFA are required to demonstrate the role of ERK2 in the early induction of inflammatory pain.
Injury-inducing stimuli such as intraplantar CFA injection result in a rapid activation of ERK1/2 in the SCDH. NMDA receptors play a major role in ERK1/2 activation (Ji et al., 1999; Cheng et al., 2008) , although other players are also involved (Kawasaki et al., 2004) . This activation of ERK1/2 after CFA is sustained at 24 h and persists for at least 96 h. Several sources may contribute to the prolonged ERK1/2 activation, such as sustained primary afferent input from the periphery. The injected hindpaw remains swollen at 96 h, suggesting the presence of an ongoing peripheral inflammation. Another source could be the descending excitatory pathway from supraspinal sites (Svensson et al., 2006) . ERK1/2 can phosphorylate several pain-related proteins including the NR1 subunit of the NMDA receptor (Krapivinsky et al., 2003) and the Kv4.2 potassium channel (Hu et al., 2006) . Phosphorylation of these proteins can contribute to the central sensitization in spinal neurons after peripheral injury, which leads to increased membrane excitability in the affected neurons. In addition to its role in the posttranslational regulation, ERK1/2 may also maintain pain hypersensitivity by promoting transcription of genes that are important for neuronal plasticity. A major transcription factor activated by ERK1/2 is cAMP response element-binding protein (CREB), which in turn induces transcriptional activation of many genes such as c-fos, TrkB (Obata et al., 2003) , NK-1, and prodynorphin (Ji et al., 2002) via CREmediated mechanism. We found the immediate-early gene c-fos was activated in the SCDH in control animals at 1 h but not 96 h after CFA. However, we observed a comparable change in the ERK2 knockdown animals, indicating c-fos was activated by ERK2-independent mechanisms. In addition, we were unable to detect any changes in the level of dynorphin A at 1 or 96 h after CFA. Ji et al. (2002) found that prodynorphin mRNA levels are increased at 24 and 48 h after CFA and this increase as well as the inflammatory pain is attenuated by pretreatment with a MEK inhibitor. Therefore, we may have missed the critical period for expression of dynorphin.
ERK1 and ERK2 mRNA levels are upregulated at 12 h after formalin (Li et al., 2004) . We found the expression of ERK1 and ERK2 protein remains upregulated at 96 h after intraplantar CFA in control animals, but was prevented by the ERK2 siRNA vector. Our data suggest that ERK2 may be involved in regulating its own transcription. The promoter region of ERK2 contains a CRE site (Sugiura et al., 1997) , allowing the involvement of the transcription factor CREB, although how ERK2 might regulate ERK1 expression is not clear.
One intriguing question left is the role of glial ERK1/2 in injury-induced pain hypersensitivity. ERK1/2 activation in inflammatory pain models has been reported to be primarily neuronal (Ji et al., 1999 (Ji et al., , 2002 . In contrast, glial ERK1/2 activation has been widely reported in neuropathic pain models (Zhuang et al., 2005; Zhao et al., 2007) , suggesting major mechanistic differences between these two types of pain. Glial ERK1/2 activation usually occurs several days after the initial injury, and regulates glia-neuron communication by promoting prostaglandin E2 (PGE2) release from microglia, which can subsequently act on neurons that express PGE2 receptor E-prostanoid 2 (Zhao et al., 2007) . However, even in neuropathic pain models in which glia activation appears to play a more prominent role, neuronal ERK1/2 activation is maintained in the SCDH for several weeks, which can be reinduced at later stages of nerve injury, enhancing response to both innocuous and noxious peripheral stimuli . The continuous involvement of neuronal ERK is also supported by a study that showed that sustained neuronal ERK1/2 activation correlated with neuropathic pain behavior in the chronic constriction injury model (Tseng et al., 2007) . Although it is clear that ERK2 is involved in mediating injury-induced pain, to further elucidate the exact mechanism, it will be necessary to identify the downstream target proteins that are regulated by neuronal ERK2. Some of these [e.g., the Kv4.2 potassium channel (Hu et al., 2006) ] have been identified, whereas others can be identified using the selective attenuation of ERK2.
In conclusion, we have demonstrated that ERK2 siRNAs derived from a rAAV vector selectively inhibited the expression of neuronal ERK2 and blocked the CFA-induced phosphorylation of ERK2 in the mouse SCDH. Although knockdown of ERK2 expression in the SCDH neurons does not affect baseline thermal or mechanical threshold, it does protect animals from CFAinduced mechanical allodynia and thermal hyperalgesia. Our data suggest that neuronal ERK2 is critical in the development of CFA-induced pain hypersensitivity. Targeting this signaling protein at spinal sites may provide successful management for injury-induced pain.
